Influence of random roughness on the adhesion between metal surfaces due to capillary condensation
Graphene thickness dependent adhesion force and its correlation to surface roughness In this paper, adhesion force of graphene layers on 300 nm silicon oxide is studied. A simple model for measuring adhesion force for a flat surface with sub-nanometer roughness was developed and is shown that small surface roughness decreases adhesion force while large roughness results in an effectively larger adhesion forces. We also show that surface roughness over scales comparable to the tip radius increase by nearly a factor of two, the effective adhesion force measured by the atomic force microscopy. Thus, we demonstrate that surface roughness is an important parameter that should be taken into account in analyzing the adhesion force measurement results. Graphene also has high thermal conductivity of 33 times 4 and an in-plane elastic modulus of 6 times that of silicon. 5 These two parameters enable the graphene to be a possible candidate for applications in micro-electro-mechanical (MEM) switches where high local heat generation at the point of contact should be dissipated and the switch should maintain its rigidity at all time while being flexible to be actuated to open/close an electrical contact. In our previous work on contact resistance studies of different metals, 6 we showed that surface pitting, fatigue, asperity generation, atom migration, stiction, and micro welding all contribute to reliability of switches in micro and nanoscales. It is expected that graphene may work well as a switch material because of the closed-pack structure of carbon atoms which is resistant to introducing defects.
In designing and realizing switches with graphene as their active part, the graphene adhesion force becomes very important. For example, large adhesion forces can be used to realize non-volatile memory devices in which graphene cantilevers stick in place by adhesion forces until a voltage is applied to separate the graphene beam from the opposite electrode. It is readily possible to vary the number of layers of graphene on a suitable conducting or non-conducting backing material. Thus, it is also interesting to understand the effect of graphene thickness (number of layers) on the effective adhesion forces that they produce. It is also interesting to examine the effect of graphene conductivity on the effective adhesion force that it produces. Friction force of graphene layers was investigated in the literature before, 7 but there is no article on adhesion force of graphene and its dependence on the number of graphene layers. In this paper, we focus our studies on adhesion force of graphene layers and correlate it with the number of graphene layers and their surface roughness.
In order to produce graphene with different layers, we used mechanical exfoliation of natural graphite using tape. At first we grew 300 nm of oxide over silicon so that thin graphene layers can be easily discerned and quantified. Then, we used adhesive tape to detach some graphenes from the natural graphite. Then, we successively thinned down the graphene thickness by multiple transfers between adhesive tapes. Once around 10-20 layers of graphene was left on the adhesive tape, its color became grayish and the adhesive tape was used to transfer it to the silicon oxide substrate. Care was taken to minimize transfer of adhesive tape residue to the silicon dioxide substrate and prevent it from contributing to the surface adhesive forces.
We then measured the adhesion force of the substrate and transferred graphene layers using a Bruker Atomic Force Microscopy (AFM) system. The samples were mounted on AFM discs using conducting silver paste and were placed over the magnetic holder of the Piezo stage. To measure the thickness of graphene layers and to estimate the number of layers, we used AFM scan over the deposited graphene regions; the step height was measured from the scanned topology and adhesion forces were extracted from the force versus displacement curves that were also performed using the same probe. We obtained force vs displacement plots between different samples and a silicon tip and extracted the adhesion forces. Each force curve for each graphene deposited region was plotted at least 10 times from different spots on the same graphene region in order to capture the mean value and standard deviations of measured values for that thickness. These data are included in the results section below. It is known that a thin layer of native oxide covers the silicon tip so that the graph is actually indicative of the adhesion forces between silicon oxide and the graphite. The surface roughness was also measured for different thicknesses (Fig. 1) .
For each sample, 10 measurements were carried out and the mean value and distribution of the data points are shown in the following plot. The most important aspect of the data shown in Fig. 2 is that when we decrease the thickness of the graphene layers the adhesion force gradually approached that of the substrate. We note that the AFM tip is comprised of atoms and molecules that interact with the atoms and molecules of the sample. The pairwise interaction between these molecules and atoms can be modeled using Lennard-Jones potential. We assume at first that the presence of molecules does not affect the potential between other atoms and the total potential is the sum of each pairwise potential between molecules. We use only the first term in formula 1 for simplicity and derive a set of equations for the adhesion force between one molecule and a surface, Sphere and a surface, Sphere and sphere, and so on. Fig. 3 shows that the adhesion force between the AFM tip and the sample is basically comprised of the adhesion force between the tip and graphene layer and adhesion force of the tip and the substrate.
When the thickness of graphene is decreased the first term will decrease but the second term will increase and the value approaches of that of the bare silicon dioxide substrate provided that the pairwise potentials to be additive. In cases where more complex interactions are present, as given by the Lifshitz theory, the pairwise potentials will not be simply additive. However, it appears that our experimental results show in Fig. 4 indicate that thin graphene is transparent to the substrate adhesion forces (i.e., the pairwise potentials are additive) as also reported in Ref. 8 .
There is another phenomenon happening in the curve and that is the increase in adhesion force when we move to thicker pieces. When we fold an scotch tape over the region of the scotch tape with graphite and separate it the top surface of both resulting broken graphenes are fresh and one piece of graphite does not transfer completely to the new spot because the area of graphite coated part decrease in each step, which means there shouldn't be glue residues transferred to the new sites of the scotch tape, unless we transfer graphenes multiple times in each step. We think the reason for increase of the adhesion force in large pieces is surface roughness. The surface roughness has been shown that can affect adhesion force considerably. 9 Humidity cannot be the issue because all measurements were carried out nearly at the same time. If we plot the adhesion force versus thickness we will have:
The surface roughness affects the adhesion force in two ways. In sub nanometer surface roughness, the surface roughness decreases the adhesion force by separating the tip and the surface a little bit ( Figure 5 ). However, in higher surface roughnesses where asperities are comparable to tip radius the adhesion force will increase because the contact area will somehow increase by the surrounding asperities ( Figure 6 ). The surface roughness graph can be compared with the adhesion force graph. In the very thin layers of graphene, we have substrate effect which gives rise to an increase in adhesion force. As the thickness increases to 10 nm, we have a slight increase in surface roughness in sub nanometer range which should decrease the adhesion force and it does. As we proceed to thicker samples, the roughness will be comparable to tip radius and this will increase the adhesion force. The only problem is that the transition in increase in adhesion force is about 15 nm while for the surface roughness it is 100 nm. This can be due to the fact that Surface roughness is a little bit sample dependent and in each sample there are local asperities that affect the surface roughness considerably so in a fairly smooth surface there might be local deep trenches that does not change the surface roughness considerably but affect the adhesion force.
We can quantitatively compute the adhesion forces of both cases by considering the simple models in Figures 5  and 6 and we can relate the adhesion force to surface roughness in this way. For sub-nanometer surface roughness, we can consider a sphere near a surface and the adhesion force of this system has been reported in Ref. 10 .
The simple model for larger surface roughness can be a sphere inside another spherical hole. This model is not listed in handbooks but the adhesion force of that can be obtained similar to the adhesion force of two spheres with some changes.
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To compute the adhesion force at first we need to derive the energy of the system in Figure 7 . By neglecting the repulsive term we consider the energy of the two molecules with distance r proportional to the inverse of distance to the power of six. Now we can write the energy to be
Then we can compute the force as where C is the distance between the center of spherical hole to the center of sphere and R1 and R2 are the radius of the sphere and spherical hole respectively. In Eq. (3) the first term in the brackets is usually two to five orders of magnitude smaller than the second term and can be neglected in most cases especially if R2 is much bigger than R1. To compare the flat substrate and spherical hole we have to plug in some numbers both in formula 16 and formula 4. If we consider a case where R2 ¼ 30 nm, R1 ¼ 20 nm, C ¼ 9 nm, and D ¼ 1 nm then using formula 16 the adhesion force will be À6.6 A, which is twice of the adhesion force in the flat substrate case with the same gap size and radius using Eq. (4) that is equal to À3.3 A. This example shows that tip-radius scale roughness can double the adhesion force easily and surface roughness acts an important role in the adhesion force measurement. Previously, analytical formulation for van der Waals force between a smooth surface and a rough surface with separation of L, surface roughness of d, and mean transverse peak to peak separation of a was derived. 12 Our experimental results focus on the change of adhesion force of the tip of AFM (modeled by a small sphere) to the surface with different roughnesses. This is slightly different that the theoretical model explored in Ref. 12 but interestingly, we can see that our results follow same trends as in Ref. 12 . We showed that increasing roughness decreases the van der Waals force when the tip is completely in contact with the surface. If we consider L as a fixed fraction of d and put it in the first formula of Ref. 12 we can see that increasing the roughness, decreases the magnitude of van der Waals force. Another common trend is that when we increase a in Ref. 12 , van der Waals force increases gradually which confirms our conclusion that as the surface roughness increase in a way that it affects the transverse peak-to-peak separation of asperities with respect to the tip radius, the van der Waals force also increases.
We can also interpret our experiment results based on Tabor's conclusions. 13 It is shown that for analyzing the adhesion force of a sphere with a flat surface, it is important to combine the concepts of surface forces with contact mechanics and the adhesion force is dependent on ductility of materials as well as the surface roughness. It is concluded that for hard surfaces, surface roughness will decrease the adhesion force as we also observed in our work. However, for ductile surfaces because of deformation of contact area asperities, adhesion forces can be quite large. Based on this, we can say that in cases where we have large number of graphene layers, the graphene layers may be deformed surrounding the tip and increasing the contact area (Puckering effect). We also note that in this case, small fluctuation in the surface of graphene is smoothened out more than compared to thin layers where there is no room for much deformation of graphene layers so effectively larger adhesion forces are observed.
Our experimental results also complies with previous findings that surface irregularities as small as 2 nm give rise to an effect of at least 50% in the plane-plane and 25% in the plane-sphere interaction regimes. 14 In the retarded case for distances greater than 20 nm, similar irregularities give rise to a contribution smaller than 15% in the plane-plane and 10% in the plane-sphere interaction geometries. It is restated in Refs. 15 and 16 that surface roughness decreases the adhesion force between a sphere and a flat surface and it is also related to the ductility of the two surfaces.
In conclusion, we measured adhesion forces of graphene samples versus their thickness and related them to interaction with the substrate (SiO 2 ) through graphene and to surface roughness. Surface roughness can have different effects on adhesion force between the sample and AFM tip. In sub-nanometer range, surface roughness reduced the adhesion force while when the roughness occurred in distances compared to the tip-radius scale it increased the effective adhesion force by nearly factor of two compared to flat surfaces. Thus, surface roughness can play an important role in determining the adhesion forces using AFM device.
The adhesion force of graphite samples versus their thickness is plotted and their relation to surface roughness is explained. Surface roughness can have different effects on adhesion force between the sample and AFM tip in subnanometer range and in tip-radius scale range. In subnanometer range, surface roughness reduce adhesion force while in tip-radius scale, it will increase the adhesion force. It was shown that the tip-radius scale roughness can double the adhesion force compared to flat surface, so surface roughness acts an important role in the adhesion force measurement using AFM device.
